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ABSTRACT  The ionic mechanism  of the  electropositive  olfactory receptor  po-
tential was studied in the bullfrog and the swamp frog. The positive receptor po-
tential strikingly decreased in amplitude  in chloride-free  solution. When the ol-
factory  epithelium  was  immersed  in  high-KCl-Ringer's  solution  and  then  in
Cl-free,  high-K solution, the polarity of the positive potential could  be reversed.
This is supposed to be due to the exit of the increased internal chloride ion. From
the above  two experiments  it is concluded  that the positive  olfactory receptor
potential  depends  primarily  upon  the influx  of  the chloride  ion  through  the
olfactory  receptive  membrane.  Some  contribution  by  potassium  and  possibly
other ions may occur. The ability of other  anions to substitute for chloride was
examined.  It was found  that only Br-, F-, and HCO2  could penetrate the ol-
factory receptive membrane. The sieve hypothesis in the inhibitory post-synaptic
membrane  (Coombs,  Eccles,  and Fatt,  1955)  is not applicable to the olfactory
receptive membrane on the basis of the size of hydrated ions,  but it may be ap-
plicable on the basis of the sizes of naked ions.
INTRODUCTION
Hyperpolarizing  or electropositive potentials  have been found at various syn-
apses, and their ionic mechanisms have been studied. The hyperpolarizing po-
tentials depend upon the entry of chloride ion and the exit of potassium ion in
the cat spinal motoneuron  (Coombs,  Eccles,  and Fatt,  1955),  in the crayfish
stretch  receptor  (Edwards  and  Hagiwara,  1959;  Hagiwara,  Kusano,  and
Saito,  1960),  and  probably  in  some  crab  muscles  (Fatt  and  Katz,  1953).
Chloride  ion plays  the principal role in  the hyperpolarizing  potential  of the
crayfish end-plate (Boistel and Fatt,  1958),  of the snail ganglion cells  (Kerkut
and Thomas,  1963,  1964),  and of the Mauthner neuron  (Asada,  1963),  while
potassium ion predominates  in the end-plate  potential of frog  and dog heart
muscles  (Harris  and Hutter,  1956; Trautwein and Dudel,  1958).
Odors applied  to the olfactory epithelium  of amphibians  elicit three  kinds
of receptor  potentials: "electronegative-on  potentials"  (Ottoson,  1956,  1958),
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"electropositive  potentials," and "electronegative-off  potentials"  (Takagi and
Shibuya,  1959,  1960a,  b,  c;  Takagi,  Shibuya,  Higashino,  and  Arai,  1960;
Shibuya,  1960; Higashino,  Takagi, and Yajima,  1961; Ai and Takagi,  1963;
Shibuya  and  Takagi,  1963  a,  b;  Gesteland,  1964;  Higashino  and  Takagi,
1964).  These  potentials have  been attributed  to the  activity of the receptive
membrane  of the olfactory  cell  (Takagi  and  Yajima,  1964,  1965),  although
Shibuya's  finding seems  contradictory  (1964).
The present research was intended  to determine the ionic mechanism of the
electropositive  receptor  potential  and  to  examine  the  permeability  of  the
olfactory  receptive  membrane  to  various  anions.  A  preliminary  report  was
published  elsewhere  (Takagi  and  Wyse,  1965).
METHODS
Preparation
Bullfrogs  (Rana catesbiana) and swamp frogs (Rana grylio) were used. At the bottom and
the  sides of the olfactory  cavity of the frog the olfactory  epithelium  is attached  to the
nasal  bones, but at the ceiling of the cavity the olfactory epithelium  is free and can be
removed  easily. Animals were pithed,  the skin and bones were  removed,  and the ol-
factory epithelium was excised at the ceiling  of the olfactory cavity.
Solutions
Normal Ringer's solution was used and had the following composition  (mM): Na+ 116;
K+ 2.5; Ca++ 2.2; Cl-  116.9; HCO3  6  (Hamasaki,  1963).  Ringer's solution with 2.4
mM HCO3  was used in later experiments.
Chloride-free  solution  was  made  of  197.5  mM  sodium  acetate  (1.62%;  Overton,
1902)  or  115  mM  sodium  acetate,  2.5  mM  potassium  acetate,  2  m  calcium  sulfate
(later  2 mM calcium acetate),  and 2.4 mM  sodium bicarbonate.  Alternately,  chloride-
free solution was made of 115 mM sodium sulfate, 2.5 mM potassium sulfate,  2  mM cal-
cium  sulfate,  and  2.4  m  sodium  bicarbonate.  The  electrical  conductivity  of the
chloride-free  solution was  found to  be  the same  as that  of Ringer's  solution  in  the
latter solution and only 2 % less in the former one. These two solutions  produced  simi-
lar results, except for the combination  of acetate  and NaF (see below).
The following anions  were substituted for chloride: Br-, I-,  NO2,  NO,  N3,  ClO4,
SCN-,  BF4, C03, BrO3, F-, HCO2,  HSO,  HCO3, H2PO4, and Fe(CN)6-. Sodium
acetate  or sodium sulfate in the above chloride-free solutions  was replaced  by the so-
dium salt of the above anions at the concentration  of 115 mM.
Stimulants
Saturated vapor of chloroform was used  to generate the electropositive  potential.  The
vapor was stored in a 20 ml syringe, and the plunger was pushed at a constant velocity
by a dc motor. The vapor was led through a teflon tube near the olfactory epithelium.
At each  stimulation  2.5  ml  of  odorous vapor was delivered  over  a duration  of 4  sec
from a distance  of about 5 cm.
474S.  F.  TAKAGI,  G.  A.  WYSE,  AND  TosHI  YAJIMA  Chloride Ion and Olfactory Receptor  475
In order to examine possible relations between  the electropositive and electronega-
tive  potentials,  vapors  of menthone  (to  produce  negative-on  potentials)  and  ethyl
ether  (to produce negative-off potentials)  were applied  in the same  manner after the
application  of chloroform vapor.
Recording Apparatus
Olfactory  receptor  potentials  were  recorded  by  means  of  a  pair  of nonpolarizable
(Ringer  gelatin-zinc  sulfate-zinc  stick)  electrodes.  The  potential  change  between
these electrodes was amplified  with a dc amplifier (AEL Model 251A)  and  recorded
with  a  Sanborn  150  recorder.  The  experiment  was  continued  with  dc  amplifiers
(Nihon Kohden  ADH-2 and AD2-20) and  an ink-writing recorder  (Nihon Kohden)
in  Gunma University.
Experimental Procedure
The  excised  olfactory  epithelium  was  spread  flat,  receptor  side  upwards,  on  filter
paper soaked with Ringer's solution. The paper was mounted  on a perforated Lucite
platform  which was suspended  across a groove made in paraffin wax inside  a Petri
dish (Fig.  1). The perforations  in the platform provided  access of the underlying solu-
tions to the filter paper and  olfactory  epithelium.  The fluid volume under  the filter
paper was  approximately  5 ml. An exploring  electrode was put on the center  of the
epithelium and an indifferent electrode on the peripheral part of the filter paper. The
receptor  potentials  attained  fairly  constant  amplitudes  after  a  few  stimulations.
Odorous vapors were applied at an interval of over 1 min so that potentials of the same
order of magnitude might be obtained repetitively.
At the  beginning  of each  series  of experiments  the olfactory  epithelium  was  im-
mersed  in Ringer's  solution for 5 min. Then  the fluid level  was brought down  to the
level  of the filter  paper,  and the receptor  potentials  were  recorded.  These  served  as
controls for subsequent trials. Ringer's solution was next replaced by a test solution by
means of a syringe and a pipette. The test solution was replaced two or three times be-
fore the epithelium was immersed in the solution for  5 min. After the fluid level was
lowered to the level of the filter paper, the effect of the solution was studied by record-
ing the receptor  potentials. Three recordings were made for each of the three kinds of
potentials, the negative potentials being used for comparison and for separate analysis.
Then the remaining test solution was removed and the epithelium was immersed in a
fresh test solution for 5 min. By repeating these  procedures,  temporal changes  of the
receptor  potentials  were recorded.  In order to study the recovery process  of the po-
tentials, the test solution was replaced  by Ringer's  solution,  and the same procedure
was  repeated.  In the above procedure,  replacement  of test or Ringer's solution  and
recording of the nine receptor potentials took about 20 min, including  5 min for  im-
mersion.  As a control of the above experiments,  temporal changes of the receptor  po-
tentials were studied in normal Ringer's solution for 3 hr in the same manner as above.
No great change in amplitude of the three receptor potentials was found. The average
amplitude of the potentials  of the same kind was plotted at intervals of 20 min with or
without standard  deviation  (Figs.  3,  5B,  6  to 8).  Changes  in amplitude  and shape of
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1965)  and will be published  in detail elsewhere.  These  experiments  were performed
between October and July.
RESULTS
Electropositive Potentials
The olfactory receptor potentials elicited  by chloroform vapor are negative-on
and -off potentials in some cases. But in many other cases they are electroposi-
tive  potentials  which  can  usually  be  divided  into  the  three  components,
positive-on, negative-off,  and subsequent long positive-after  potentials (Figs. 2
FIGURE  1.  Diagram  of the arrangement  for recording the olfactory receptor potentials
in various solutions. A piece of filter paper  was  mounted  on  a perforated  Lucite plate.
The excised  epithelium  (not shown)  rested receptor surface up on the filter paper,  under
the exploring  electrode.  A depression in the paraffin  wax  under the platform contained
5 cc of Ringer's or test solution.
and  7).  In one of the preceding  papers  (Higashino  and Takagi,  1964)  it was
concluded that there  are two "on"  processes  in the receptive membrane,  one
being electronegative  and the other electropositive,  and that the two processes
always compete when the vapors of organic solvents are applied  as stimulants.
Thus,  the electronegative-on  potential  appears  when  the  former  process  is
dominant as in the case of ethyl ether, but the electropositive-on  potential ap-
pears when the latter  process  is dominant as in the case of chloroform.  In  the
present  paper  it will be shown  that when chloride  ion  is replaced  by  other
anion,  the positive-on  potential  often becomes  electronegative  (for  instance,
1  and 3 in Figs.  2 and 5;  1 and  2 in Fig.  7).  As was  previously  concluded,  it
is supposed that the dominant positive potential  is suppressed by the removal
of chloride  ion and the dormant  negative potential becomes  manifest.
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The long positive-after  potential in the olfactory epithelium has never been
described  before.  It  appears  markedly  when  chloroform  and  ethylene  di-
chloride  are  used  as  stimulants.  The duration  of  this  potential  is  often  far
longer  than  that of the  negative  potential  produced  by  menthone  or other
general  odors. Occasionally  the magnitude  of this potential  is  over  1 my and
is  bigger  than  that  of the  negative  potential  elicited  in  the  same  olfactory
epithelium.
From  the  results  in  the present  experiments  it  is  very  probable  that  the
positive-on and  after potentials are continuous and  of the same origin,  being
divided only by the appearance of the negative-off potential. In fact, on many
occasions the negative-off potential does not appear and the positive potential
is a continuous  one  (Figs.  5A and  8).
In the present  paper  the terms "positive-on  potential"  and "positive-after
potential"  are used for convenience.  However, from the above assumption the
two  potentials  are  supposed  to  belong  to the  same  potential  and,  when  the
amplitudes  of  the  positive  potentials  are  plotted,  the larger  of the  two  po-
tentials is used (Figs. 3 to 8).
Effect  of Chloride Ion
When the olfactory epithelium was immersed in the chloride-free solution, the
amplitude of the negative slow potential  gradually decreased with or without
an initial increase  (a case with an initial increase shown in Figs. 2 and 3).  On
the other hand, the amplitude of the positive potential decreased suddenly and
considerably (by about 65 to 87%o)  (Figs.  2, 3).  The initial  positive-on poten-
tial became a negative-on potential  (top and third potentials from the top in
Fig.  2).  Upon  returning  to  normal  Ringer's  solution,  the  amplitude  of the
positive  potential  suddenly  increased,  while  that  of  the  negative  potential
further decreased  for some time before beginning to increase  (Figs.  2, 3).
The relation  between the amplitude  of the positive  potential  and the  con-
centration  of chloride  ion  was  studied.  The  positive  potential  decreased  in
amplitude in proportion  to the decrease in chloride concentration  and some-
times nearly disappeared  in the absence of chloride (Fig. 4). The extent of the
potential  decrease  varied  between preparations.  When the chloride  concen-
tration was subsequently increased, the positive potential increased but did not
recover  completely after the epithelium was exposed  to chloride-free  Ringer's
solution.  However,  there was always  a linear relation between  the amplitude
of the positive potential and the chloride concentration  (Fig.  4).  The incom-
plete recovery  was anticipated because  the negative potentials also decreased
in  the  chloride-free  Ringer's  solution  (Figs.  2,  3)  and the  ionic  distribution
across the receptive  membrane had probably  changed to some degree.  From
this experiment  it is clear that the positive  potential  depends primarily  upon
the chloride  ion.  The small  residual  positive  potential  usually  found  in the478  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  · VOLUME  50  1966
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FIGURE  2.  Changes  of the  receptor  potentials  in  chloride-free  solution.  The  positive
potentials elicited by chloroform vapor are shown in the left column and the negative-on
potentials elicited by menthone vapor in the right column. Control potentials in Ringer's
solution  are shown in  1; 2 to  5, changes  of the two potentials  in chloride-free  solution;
6 and 7, change  and recovery  of these two potentials  in Ringer's solution.  Although re-
covery in the  positive potential  was striking,  recovery  in the negative-on  potential was
slight. The short horizontal lines at the bottom  show the duration of stimulation  (4 sec).
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FIGURE 3.  Effect of chloride-free  solution on the positive and  negative  receptor poten-
tials.  Note the great and relatively rapid decrease in amplitude of the positive potential
in  chloride-free  solution  and  its  marked  recovery.  In  contrast,  the  amplitude  of the
negative potential  first increased  then slowly decreased  and showed little  recovery.  The
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chloride-free  solution  will  be  discussed  later.  The  gradual  decrease  of  the
negative potential in this solution  may be attributed to a probable decrease of
the membrane  potential.
Chloride Permeability
When a muscle fiber is immersed in a solution containing high concentrations
of chloride and potassium,  the internal  concentrations  of chloride and potas-
sium are  increased  (Boyle  and  Conway,  1941; Adrian,  1960).  If the outside
i00  75  50  25  10  0%
FIGURE  4.  Linear  relation  be-
tween  the  magnitude  of  the  posi-
tive  potential  and  the  concen-
tration  of  chloride  ion.  Arrows
indicate the direction  of change.  In
this  case,  the  chloride  concentra-
tion  was  decreased  to  75,  50,  25,
10, and 0 % and then was increased
in the reverse  order. Although the
recovery  was  not  complete,  the
positive  potential  changed  in  am-
plitude  in  a  linear  relation  with
the chloride concentration.
TIV
concentration  of chloride  is subsequently  reduced,  the  chloride conductance
of the muscle membrane  is much larger  than the potassium conductance and
the  membrane  potential  depends  principally  on  the  chloride  potential
(Hodgkin and Horowicz,  1959; Adrian,  1960).
The  olfactory  epithelium  was  immersed  in  a Ringer  solution  containing
100  mM  K  and  219  mM  Cl  (Takeuchi,  1963)  for  30  min  to  an hour.  The
amplitude  of  the  positive  receptor  potential  elicited  by  chloroform  vapor
remarkably  decreased  (Figs.  5A  and  B).  According  to  Adrian  (1960),  the
concentration  of chloride  ion  inside  a  muscle  fiber  is  increased  to  about  90
mM when  it  is  soaked  in a high-KCl  solution  (100  mm  K,  220 mM  CI)  for  3
hr.  Although  the  olfactory  receptive  membrane  may  be  different  in  ion
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permeability  from  muscle  fibers  and  the  time  of  immersion  in  the  present
experiment  shorter,  it can be assumed  that the concentration  of chloride  ion
inside the receptor cells was considerably increased and the chloride potential
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FIGURE  5.  Changes  of  the  re-
ceptor potentials in high potassium
and  chloride-free  solution.  5A.
Change in shape and  amplitude of
the  positive  receptor  potential.  1,
control potential  in  Ringer's solu-
tion;  2, decrease  in  amplitude  of
the  potential  in  100  mM  KCI
Ringer's  solution;  3  and  4,  in
Cl-free,  100  mu  K  Ringer's  so-
lution;  Note  the  appearance  of
a  negative-off  potential  and  the
reversal  of  the  positive  potential
in 3. 5 and  7, in Ringer's solution;
Note  the  considerable  recovery
ofthepositive potential in 7.  6 was
similar  to  5  and  is  not shown.
5 B. Change  in  amplitude  of
the  positive  and  negative  poten-
tials.  The  same  experiment  as  in
5 A. Full  explanation in the text.
was much  reduced  (in Adrian's experiment  the chloride potential  was about
-20 my).
When the  high-KCl  solution  was  replaced  by a chloride-free,  100  mM  K
Ringer's  solution  (chloride  replaced  by  acetate),  the  positive  potential
(including  the  "on"  and  "after"  components)  reversed  its  polarity  and
became  a  negative potential  (3 in Figs.  5A and  B).  Superimposed  upon this
m
-I
-o
+1
480
+0S. F.  TAKAOI,  G. A.  WYSE,  AND  TOSHI YAJIMA  Chloride Ion and Olfactory Receptor  481
negative  potential,  a  negative-off  potential  which  had  been  dormant  in
Ringer's  solution  appeared  with  a considerable  magnitude  and  divided  the
reversed  (now  negative)  potential  into  the  on  and  after  components  (3 in
Figs.  5A and  B).  Since  chloride  conductance  and the  internal  chloride  con-
centration  are both increased in this state,  the reversal of the  positive-on and
after potentials  is supposed to be due  to the  exit of the internal  chloride  ion.
Such a reversal becomes less manifest with time  (4 in Figs. 5A and B), and a
nearly  complete  recovery  of  the  positive  potential  was  found  when  the
chloride-free  solution was exchanged  with Ringer's solution.
This  experiment  shows  that  the  olfactory  receptive  membrane  becomes
permeable to chloride  ion in both directions.  Thus, the  assumption from the
previous experiment  about the role of chloride  ion is supported.
The changes  of the negative  potential  elicited  by menthone vapor  in this
experiment  are also  interesting  (in the upper half of Fig.  5B). These changes
are  supposed  to be due  to a different  ionic  mechanism  (Takagi  and  Wyse,
1965)  and will be studied in a following paper.
Effect of Potassium Ion
The potassium ion  plays a principal  role in the hyperpolarizing  potentials  of
some  synapses  (see  introduction).  The  small  residual  positive  potential
usually found  in chloride-free  Ringer's  solution  (see  Fig.  2)  may  be due  to
such  an exit of potassium ion in the receptor  cell. The effect of potassium-free
Ringer's  solution was  studied.  When the  olfactory  epithelium was immersed
in  potassium-free  Ringer's  solution,  the  positive  and  negative  receptor
potentials  initially  increased  in amplitude  and then began  to  decrease  (Fig.
6).  The initial  increase of the negative receptor potential  may have  been due
to a transient increase  of the membrane  potential.  The initial  increase of the
positive potential suggests the participation  of potassium ion in the generation
of  the  positive  potential,  as  will  be  discussed  later.  In  potassium-deficient
Ringer's  solution,  external  sodium  ion  enters  the  excitable  membrane  of
muscle  in  exchange  for the  exit  of internal  potassium  ion  (Desmedt,  1953).
Since  the  negative receptor  potential very  probably depends  upon  the entry
of  sodium  ion  (Takagi  and  Wyse,  1965),  such  an increase  of the  internal
sodium ion may explain the gradual decrease of the negative receptor potential
in the later stages.  These changes in the distribution of sodium and potassium
ions  across the  receptive  membrane  probably  result in  a change  of the con-
centration  ratio  of  chloride  ion  across  the  receptive  membrane.  This  may
again explain the decrease of the positive receptor potential in the later stages.
Substitution of Anions for Chloride
Immersion  of  the  epithelium  in  chloride-free  solution  always  resulted  in  a
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was repeated,  the  amplitude  decreased  further  but never  increased.  Conse-
quently, if the amplitude of the positive potential,  after a decrease in chloride-
free  solution,  were  to increase  in a  solution  in which  chloride  was replaced
by  another  anion,  such an anion may be inferred  to  penetrate the olfactory
receptive  membrane  and substitute  for chloride to at least  some extent.
The  epithelium  was  first  immersed  in  chloride-free  Ringer's  solution,
resulting in a decrease in amplitude of the positive potential. The solution was
then replaced by one containing Br- instead of acetate or sulfate. The positive
potential  regained  a  considerable  part  of the original  amplitude.  However,
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FIGURE  6.  Changes  of the receptor potentials in potassium-free  Ringer's solution. The
positive  and  negative  potentials increased in amplitude just after Ringer's solution  was
replaced  by potassium-free  solution.  Both  subsequently decreased,  the positive  potential
somewhat  more slowly than  the negative  potential.  Both potentials  recovered  poorly in
Ringer's  solution.
when  I-  was  used,  the positive potential  further decreased  in amplitude  and
never recovered  (Fig.  7).
Similar  experiments  were  performed  using  NO2,  NO3,  N,  C104,  SCN-,
BF4,  C103, BrOs,  F-, HCO,,  HSO~,  HCO-,  H2PO4,  and  Fe(CN)-.  Only
in the solutions  containing F-  or HCO2  in place of chloride did the positive
potentials  increase  after  the decrease  in chloride-free  Ringer's  solution  (Fig.
8).  In  all  the  other  cases  the  amplitude  of the  positive  potential  decreased
further or did not  change.  The data of these  experiments  are summarized  in
Table I.  Thus,  it is concluded that among the anions used only C-, Br-,  F-,
and  HCO2  can penetrate  the olfactory  receptive  membrane.
The recovery  of the positive potential  in NaF solution was obtained in the
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FIGURE  7.  Substitution  of
I- for C1-.  1, positive  poten-
tial in Ringer's solution  as a
control;  2,  decrease  in  am-
plitude  of  the  positive  po-
tential  in  Cl-free  solution;
3,  further  decrease  of  the
positive  potential  in  NaI,
Cl-free  Ringer's  solution;
4,  recovery  of  the  positive
potential  in  Ringer's  solu-
tion;  5,  further  recovery  of
the  positive  potential  in
Ringer's solution.
solution  in which  chloride  ion was replaced  by sulfate  ion.  When,  however,
this  experiment  was  repeated  in  the  solution  in  which  chloride  ion  was
replaced  by acetate  ion,  both  positive  and  negative  potentials  disappeared
and  did not reappear  in Ringer's  solution.  Although  the acetate  and sulfate
ions were  presumed  to be inert substitutes for chloride  ion, the former  anion
appeared  to be toxic to the olfactory receptor cell when combined with NaF.
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FIGURE  8.  Substitution of HCO'  for C1-.  , control positive  potential;  2,  decrease  in
amplitude of the positive potential in Cl-free Ringer's solution;  3, recovery of the positive
potential in NaHCO2, Cl-free Ringer's solution; 4, recovery in Ringer's solution.
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TABLE  I
EFFECTS  OF  VARIOUS  ANIONS  ON  THE  POSITIVE  POTENTIAL
In  the left column the chemicals  used as substitutes of NaCI are shown from
top  to  bottom  in  the  order  of the  molecular  sizes  (Ito  et  al.,  1962).  The
broken line in the middle separates  the anions in the upper half which can
penetrate  the spinal  motoneuronal  membrane  from those  in  the lower  half
which  cannot.  +  or  - indicates  that  the  ion  can  or cannot  penetrate  the
olfactory receptive membrane,  respectively.  The number  of the experiment
in each case is  shown at  the top.  In the fractions on  the right,  the denomi-
nator  indicates the  number  of experiments  performed  and  the  numerator
indicates the number  of cases  in which  penetration  occurred.
1  2  3  4  5  6  Total
NaBr  +  +  +  X
NaI  +…  …-  -
Na N0 2 %-  - - - -
Na N 3 - - - -
Na N 3 - - - -
Na Cl0 4 - - -/
Na SCN  - - X
Na BF4 - - -X
Na C10 3 - X
Na  BrO 3 _-  - -
NaF  +  +  +  +  X
Na HCO2 - +  +  X
Na HS0 3 - - - /
Na HCO3 - -
Na H 2PO4 - - -
Na4 Fe(CN)6 - - -
DISCUSSION
Generation of  the Positive Receptor Potential
The most likely hypothesis  of the generation  of the positive receptor potential
is that of a  net  flow  of ions  across  the receptive  membrane.  Because  of  the
polarity  of  the  potential,  internal  cations  would  have  to  leave,  or external
anions  would have  to enter  the  cells.  Chloride  is  the  principal  anion  of the
extracellular fluid and has been shown to play  a major role in several  hyper-
polarizing potentials  (Boistel and Fatt, 1958; Grundfest, Reuben, and Rickles,
1959;  Coombs et al.,  1955; Hagiwara et al.,  1960; Kerkut and Thomas,  1963,
1964;  Asada,  1963).
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The present experiment showed that a large portion of the positive receptor
potential  promptly  disappeared  in  the chloride-free  solution but reappeared
when the solution was replaced  by normal Ringer's solution. If all the change
is  carried  by the  chloride  ion,  it may be  argued why  the  positive  potential
does  not go to  a negative  one  due to  the exit  of internal  chloride  ion when
the normal  Ringer's solution has its chloride removed  (Figs.  3 and 4).  Such  a
reversal of the positive potential  never occurred in the chloride-free  solutions.
Although  the positive  receptor potentials  disappeared  in a few  cases,  usually
a  small  positive  potential  (less  than  35%)  remained.  This residual  positive
potential  may  be  due  simply  to  the  external  chloride  ions  which  may  still
remain,  attaching to the receptive  membrane  in the chloride-free  solution.
There  is,  however,  another possibility.  From the present experiments,  it is
very probable that a part of the positive potential  is generated by the exit of
the internal potassium  ion due to an increase in the permeability of the recep-
tive  membrane  to  the  ion.  If this  is  the  case,  it  will  overcome  a  possible
depolarization  due to the exit of the internal  chloride ion in the chloride-free
solution.  In  the  experiments  in  which  Ringer's  solution  was  replaced  by
potassium-free  Ringer's  solution  there  was  found  an initial  increase  in  the
amplitude  of the  positive  receptor  potential  despite  a presumed  increase  in
the resting potential of the olfactory cells. By analogy with the hyperpolarizing
potential of the crayfish stretch  receptor  (Edwards and Hagiwara,  1959),  the
initial  increase  in  amplitude  is  supposed  to  indicate  that  the  equilibrium
potential for the positive receptor potential is raised in potassium-free solution.
Thus, a contribution of potassium ion flow to the positive potential is indicated
in the olfactory receptor potential  as well.
From the experimental  results and the above  consideration  it is concluded
that  the positive receptor potential  depends  primarily upon the chloride  ion
and  that some  contribution of potassium  ion  (and  possibly  of other  ions)  to
the  positive potential  may be present.
Takagi  and  Omura  (1963),  recording  with  microelectrodes,  have  shown
that  spontaneous  discharges  in  the  olfactory  epithelium  are  temporarily
inhibited  upon  application  of  some  odorous  vapors.  Similar  inhibition  has
been  found  in  the  afferent  impulses  from  the tarsal  chemoreceptors  of the
butterfly  (Takeda,  1961).  From these findings and by analogy with inhibitory
postsynaptic  potentials  it  is  believed  that  the  olfactory  positive  receptor
potential  is  an  inhibitory  potential.  This  would  be  an  interesting  case  of
primary  sensory  inhibition;  that  is,  some  kinds  of odorous  substances  may
produce  their sensations  by inhibiting  spontaneous  afferent  discharges  from
the  olfactory cells.  Although  a similar  phenomenon  may  occur in the eye  of
the pecten,  the possibility  of synaptic connections  between the two visual cell
layers which send "on"  and "off"  afferent  discharges  has not been excluded
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Substitutes for Chloride Ion
When chloride ion is injected into a spinal motoneuron by diffusion or electro-
phoresis,  the  inhibitory  postsynaptic  potential  (IPSP)  is  converted  to  a
depolarizing  potential  (Coombs,  Eccles,  and Fatt,  1955).  This was explained
by assuming an increase in the permeability of the postsynaptic membrane to
chloride  ion  when  stimulated.  Similar  results  were  obtained  by  injecting
Br-, NO3,  and SCN-, but not by injecting  HCO~,  CH3CO,  SO'-, HPO,
and  glutamate.  From  the sizes  of these hydrated  ions  Coombs  et  al.  (1955)
postulated  that in  the activated  state  the inhibitory  postsynaptic membrane
has  a  sievelike  structure with a  pore size  large enough  to allow  the passage
of Br-, NO-,  and SCN-  ions,  yet  small enough to block  HCO0,  CH3CO,,
SO24-,  and glutamate  ions.  Later,  Araki,  Ito, and Oscarsson  (1961)  and  Ito,
Kostyuk,  and Oshima  (1962)  studied the permeability  of many other ions in
the same  spinal  motoneurons.  They found that the hydrated ions  which are
smaller than  C103  can pass the inhibitory  postsynaptic membrane  but those
which  are  bigger  than BrO  cannot  pass  it  (Table  I).  In  spite  of its  large
hydrated size, HCO2  was found to penetrate the membrane, perhaps because
of its ellipsoid  shape.
In  the  present  experiment  it was  found  that  among  the  ions  considered
permeable  in motoneurons,  only Br- and  HCO2  can penetrate  the olfactory
receptive  membrane,  while  among those  nonpermeable  in  motoneurons,  F-
can penetrate  the  olfactory  receptive membrane.  It is  not clear whether  this
difference  may indicate  the specific structure  of the olfactory  receptive mem-
brane or not.  Araki,  Ito, and Oscarsson  (1961)  collected data on  the relative
hydrated sizes  and naked  ion sizes  of many anions  (Table  V,  p.  428).  They
could  explain  the  permeability  or  nonpermeability  of  anions  through  the
synaptic membrane  on  the  basis  of the hydrated sizes,  but not on the  basis
of the naked ion sizes.  In the present experiment,  however,  the contrary may
be the case.  The  naked ion  sizes  of the  permeable  anions, F-,  C1-,  Br-,  and
HCO2, and those of the nonpermeable  ones,  NO3,  I-, C103,  BF4, and  C104,
are  shown  in Table  II.  Since  the  HCO2  ion  has  an  ellipsoid shape  (Araki
et al.,  1961)  and belongs to an exceptional  case,  comparison  of the naked ion
sizes  in Table  II indicates  that  anions  smaller than  1.95  can penetrate  the
olfactory  receptive  membrane,  while  those bigger than  1.98  cannot.  Thus, it
may  be  assumed  that  the  sieve  hypothesis  is  applicable  to  the  olfactory
receptive membrane on the basis of the naked ion sizes.  However,  there is  an
exception  in that NO-  ion has a naked ion size of 1.32 and nevertheless  is not
permeable.  Besides,  it  should  be  explained  how  the  hydrated  ions  are  de-
hydrated  at the receptive membrane  before they pass through  it.
In the  inhibitory  postsynaptic  membranes  of each individual  synapse the
kinds  of the  chemical  transmitters  are  fixed  and  the  same  substances  are
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always liberated.  Consequently,  it is assumed that these receptive membranes
can be relatively  simple in structure.  On the other hand, odorous substances
are  extremely  numerous  and variable  in structure.  The  olfactory  receptive
membrane  has  to  receive  these  various  kinds  of  chemical  substances  as
stimulants. The  structure of the  olfactory  receptive  membrane  may  well  be
too complicated  to be explained  by a simple sieve  hypothesis.
TABLE  II
PERMEABLE  AND  NONPERMEABLE  ANIONS  AND  THEIR
SIZES  IN  NAKED  AND  HYDRATED  STATES
The sizes  of the  naked  ions in A  and  the relative hydrated  sizes are  cited
from Table  V in the paper by Araki  et  al.  (1961).  Full explanation  in the
text.
Ion  Naked  ion  size (A)  Relative  hydrated  size
F  1.36  1.33
Cl  1.81  0.96
Br  1.95  0.94
HCO2 2.03  1.35
NO3 (1.98)  1.03
I  2.16  0.96
W  C10 3 (2. 16)  1. 14
;  BrO3 (2.38)  1.32
X  BF4 (2.88)  1.12
C104  (2.92)  1.09
NO2 (1.32)  1.02
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